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ABSTRACT

Correl ational evidence suggests that specific popul ations of
ani mal s have been, or currently are being, adversely affected by
exposure to environnental contamnants that manifest effects
through different endocrine systens. However, there currently
are insufficient data to resol ve the ecol ogical risk associated
with endocrine-disrupting chemcals (EDCs). In recognition of
this uncertainty, the Ofice of Research and Devel opnent (CRD) of
the U S Environmental Protection Agency (EPA) sponsored a
wor kshop that focused on a variety of issues central to the
devel opnent of a research strategy for assessing ecol ogi ca
effects of endocrine disruptors. Specifically, the workshop was
intended to address topics and concepts that would contribute to
a strategy designed to establish: 1) a research franework focused
upon the greatest uncertainties confronting risk assessnment and
ri sk managenent deci sions concerni ng ECDs, and 2) proactive
coordi nati on and comruni cati on anong Federal agenci es whose
research mssions are especially relevant for the nmany different

facets of this issue.

During the first two days of the workshop, nore than 60

international experts in the areas of risk assessnent,
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conpar ati ve endocri nol ogy and envi ronment al toxi col ogy were
involved in presentations and di scussions pertaining to the
potential ecol ogical risk of EDCs. On the final two days of the
wor kshop, a group of Federal scientists representing EPA the
US Fishand WIldlife Service, the National Biological Service
and the National Cceanic and At nospheric Admnistration net to
devel op a research strategy based upon input fromthe |arger

meet i ng. These del i berations were structured in the context of
t he EPA ecol ogi cal risk assessnment framework, w th specia
enphasi s pl aced on eval uati on of rel evant neasurenent endpoints
in the context of |ikely assessnment endpoints, as well as
exposure and effect characterization. The resul tant research
recomrendat i ons were devel oped conscious of the need to establish
approaches to determne the relative ecological risk of EDCs to
popul ati ons and communities, both froma prospective and
retrospective standpoint, and to evaluate and potentially nodify
the current requirenments for testing and eval uati ng chemcals and
envi ronnmental sanples to ensure that those exerting toxicity

t hrough specific endocrine axes will be adequately characterized.
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| nt r oducti on

Correl ational evidence suggests that specific popul ations of
ani mal s have been, or currently are being, adversely affected by
exposure to environnental contamnants that manifest effects
through different endocrine systens. There have been several
recent reports of endocrine-nediated abnornalities in specific
popul ati ons of invertebrate, fish, avian, reptilian, and
mamal i an speci es. For exanpl e, exposure to DDT has been
associated with the femnization of gull enbryos (1), and several
research groups al so have observed fem ni zation of fish from
wat er bodi es recei ving di scharges of mnunicipal and sone types of
industrial effluents (2,3). Fish exposed to pulp and paper ml|
effluents have been reported to exhibit abnormal circul ating
| evel s of specific reproductive hornones, although popul ati on-
| evel effects have not been observed (4). Delayed or abnor nal
sexual differentiation has been correlated w th popul ation
declines of alligators and the presence of organochl orine
pesticides (ostensibly DDT and netabolites) in |lakes in Central
Fl orida, nost notably Lake Apopka (5). Inposex (simultaneous
presence of both male and fenal e reproductive organs) in
different species of marine gastropods has been strongly

correlated with exposure to tributyltin (TBT), and this condition
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may be driving specific |ocal populations of invertebrates to
extinction (6,7). Egg nortality and terata in |ocal popul ations
of fish-eating birds fromthe G eat Lakes have been wel | -
docunment ed, and seemngly are related to organochl ori ne
contamnants, nost notably PCBs, which may exert toxicity through

one or nore endocri ne pathways (8).

These and ot her observations in fish and wildlife, as wel
as human epi dem ol ogy studi es docunenting, for exanple, decreases
in spermquality (9), have served as an inpetus for various
meet i ngs/ wor kshops focused on environnental "endocrine
disruptors” (e.g.,10). This, in turn, has |led to polarized
scientific debates, both in the technical literature and the
popul ar press, as to the potential |evel of concern that should
be afforded these types of chemcals (e.g., 11-14). Based upon
t hese ongoi ng debates, it appears that the energi ng consensus is
that there are insufficient data to resolve the relative
ecol ogi cal or human health risk associated with environnental
contamnants that exert toxicity through alterations in endocrine

syst ens.

In recognition of this uncertainty, the fice of Research
and Devel opnent (CRD) of the U S. Environmental Protection Agency
(EPA) initiated a fornal research programto eval uate the
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potential risk of endocrine-disrupting chemcals (EDCs) to both
human and ecol ogi cal health. A key conponent in the initiation
and devel opnent of this research programhas been, and wl |l
continue to be, the involvenent of scientists fromother

gover nnent agenci es, academa, industry and public interest
groups. In addition, CRD has brought an internationa

perspective to the planning exercise through invol venent of
scientists and regul ators fromcountries such as Canada, Britain,
Denmar k, Gernmany and Sweden. To facilitate research pl anning,
CRD held an initial workshop entitled "Endocrine D sruptor
Research Needs" in April, 1995 in Raleigh, North Carolina. More
than 300 participants at that workshop devel oped a framework
document broadly outlining research needs and i ssues for defining
heal th and ecol ogical risks of EDCs (15). One need identified at
t hat workshop was to have smaller, nore focused neetings
concerning specific research areas. |In response to this, a

wor kshop entitled “Ecol ogi cal Effects of Endocrine D sruptors”,
was hel d concerning research needs and directions associated with

t he ecol ogi cal risks of EDCs.

The wor kshop was held June 13-16, 1995 in Dul uth, M nnesota,
and was conducted in a phased manner. During the first two
days, a group of approximately 60 participants froma variety of
governnent al agenci es, academ a, industry, and public interest
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groups (Table 1) nmet to exchange information, broadly discuss
[imtations in existing data, and identify research needs.
During the last two days of the planni ng exercise, governnent
scientists fromthe EPA, the U S. Fish and Wldlife Service
(FW5), the National Biological Service (NBS) and the National
Qceani ¢ and Atnospheric Admnistration (NOAA) Marine Fisheries
Service (Table 1) net to devel op a specific research strategy
based upon input fromthe larger neeting. In the follow ng
section, we describe the agenda, input and recommendati ons

associated with the first two days of the neeting.

OVERVI EW OF THE | SSUE AND RECOVMENDATI ONS: DAYS 1, 2

The first day of the workshop consisted of a series of
| ectures and discussions relative to specific issues, systens and
species in terns of endocrine disruptor effects and research.
Presentations ranged fromapproximately 25 to 45 mn in | ength,
followed by a period for questions and di scussion (Table 2). At
the concl usion of each talk, the individual presenters
identified various research needs gernmane to their particul ar
topic. These recommendati ons, together with research needs

identified at the April workshop at Raleigh (Table 3) served as a
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basis for identifying breakout group di scussion topics for the

second day of the neeting.

Pl enary Lectures

After a welcone fromDr. Glnman Veith (CRD, EPA), Dr. Cerald
Ankl ey presented background informati on concerning the efforts of
CRD i n devel opi ng a research programdealing with endocri ne
disruptors. In his talk, the framework and recomrendati ons from
the initial April neeting were sumarized, one of which was that
a series of nore focused workshops on research planni ng be
conducted (15). Dr. Ankley al so presented the working
definition, devel oped at the Raleigh neeting, of an EDC. "an
exogenous agent that interferes with the production, rel ease,
transport, netabolism binding, action or elimnation of natural
hornmones in the body responsible for the mai ntenance of

honeost asi s and regul ati on of devel opnental processes" (15).

Followi ng the introductory presentations, Dr. denn Suter
provi ded an overview of the ecol ogical risk assessnent paradi gm
currently used by EPA (16,17). Oitical differences between
human and ecol ogi cal risk assessnents were stressed, with special

enphasi s placed on the concept that ecol ogi cal assessnents focus
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on popul ation-, or occasionally, community-level effects, while
human assessnents focus on the individual (18). Dr. Suter’s
presentation subsequently stressed the inportance of identifying
nmeasur enent endpoi nts, which are typically at the level of the
individual, that reflect assessnent endpoints of concern (e.g.,
trends in popul ati ons and comunities), noting the need for
devel opi ng and validating |inkages between the two types of
endpoints. In addition, the inportance of acknow edgi ng and
gquantifying uncertainty in risk assessnents was addressed,
particularly in the context of identifying key research areas
where the greatest uncertainty exists in predicting or
interpreting the potential inpacts of EDCs. Finally, Dr. Suter
felt that reducing ecol ogi cal effects of EDCs would in nany

i nstances ensure that human health al so was protected.

Dr. David Norris then provided an overvi ew of conparative
endocri nol ogy where he identified potentially sensitive targets
of EDCs by lifestage (early devel opnent, sexual maturation,
reproduction, senescence) and endocri nol ogi cal axes (especially
adrenal, thyroid and reproductive systens). He noted that, in
general, certain aspects of several endocrine systens are
remar kably wel | conserved across phyla pointing, for exanple, to
reproduction (19,20). Based upon this observation, it was noted
that EDCs that act through specific receptors (affecting hornone
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synethsis, release and/or actions) could well be particularly
anmenabl e for extrapol ation of prediction of relative risk across
speci es and, as such, mght provide a convenient nodel for this

type of exercise.

Followi ng the presentation by Dr. Norris, there were a
series of five talks focused specifically upon processes at risk.
The purpose of these presentations was to better define those
|'i festages and endpoi nts upon which research coul d be nost
productively focused, both in terns of potential ecol ogical
effects and uncertainty (i.e., current |ack of know edge).

Al t hough the presentations were nade by scientists involved in
speci fic systens/species, an effort was nade to have the

presentations be conparative in nature.

Dr. Peter Thomas di scussed key points at which reproduction
coul d be inpacted and presented several exanples fromhis
research on the effects of cadmum crude oil and PCBs on
reproduction in fish (21-25). He also pointed out that, despite
the current enphasis on steroid hornones, the neuroendocrine

system shoul d not be ignored.

Dr. Jennifer Specker then discussed the role of endocrine
systens in terns of growh and devel opnent. This presentation

Rev. Toxicol. Ser. B: Environ. Toxicol. (1997).



11
enphasi zed the role of thyroid hornones, which thus far have not
recei ved as nuch attention as steroid hornmones in the context of
EDC effects. She pointed out that the thyroid hornones are wel |
conserved across phyla (26), and suggested that anphi bi ans nay be
good nodel s for investigations concerning the system
Dr. Specker also noted that the maternal transfer of thyroid
hornones (T3/T4) via the yolk in fish, for exanple, mght be a

key stage for potential disruption (27-30).

Dr. Carl Schreck discussed the role of endocrine invol venent
i n i mmunol ogy and stress response (31-33). He felt that stress
response and devel opnent of the i mmune system m ght be
particularly prone to effects nediated by EDCs (34,35). Dr.
Schreck al so discussed the need of integrated |aboratory and
field studies specifically focused upon correl ati on of pathogen
| oad/ i mmune response w th contam nant exposure, and presented
results of a study of this type fromhis | aboratory which

eval uat ed sal noni ds exposed to a pul p and paper m |l effluent.

In the follow ng presentation, Dr. Steven McCorm ck
di scussed the role of endocrine systens in osnoregul ati on.
Prol actin, cortisol, thyroid hornones, renin-angiotensin,
catechol am nes and natriuretic peptides are inportant in ion and
wat er bal ance and are greatly altered during transitions between
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fresh water and seawater (36,37). Al though nunerous conpounds
exert their toxic effects by danage to osnoregul atory nmechani sns
(38), there is currently no known |ink between endocrine
di sruption and biologically significant alterations in
osnoregul ati on. However, certain life history stages such as the
parr-snolt transformati on of anadronous sal nonids and aninmals in
estuarine habitats may be particularly susceptible to endocrine

di sruption of osnoregul ation.

In the final presentation on processes at risk, Dr. David
O ews discussed the role of endocrine systens relative to
behavior. As with osnoregulation, he felt that there currently
istoo little information to Iink chem cal disruption of specific
hornonal systens to biologically significant changes in behavior.
Dr. CGews did present several exanples, however, where subtle
effects on behavior could seriously alter reproductive success

(39-41).

A series of presentations then focused upon naj or groups of
aninmals potentially at risk: fish, birds, reptiles, (marine)
mamral s and i nvertebrates. An obvious omssion fromthis |ist
was anphi bi ans, not because of a | ack of concern, but because of
a current |ack of specific exanples of adverse effects of EDCs in
this class of organisns in an environmental setting. However, it
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was poi nted out by several workshop participants that anphi bi ans
m ght be an inportant group of aninmals on which to focus,
particularly in light of recent popul ation declines of several

species within this class (42).

Dr. den Van Der Kraak presented data froma series of
studi es focused upon the effects of pulp and paper ml| effluents
on endocrine function in fish. 1In those studies, it was clear
that exposure to the effluents induced hepatic nonooxygenase
activities, altered circulating | evels of sex steroids, and
caused del ayed sexual naturation in white sucker; however, these
changes were not directly correlated wth popul ati on-1 evel
i npacts such as rel ative abundance of the fish (4,43-45) Based on
those findings, Dr. Van Der Kraak noted the inportance of
establ i shing |inkages between individual - and popul ation-1 evel
effects. He also discussed the potential utility of toxicity-
based fractionation approaches for identifying specific chemcals
of concern in the conplex pulp and paper mll| effluents (e.qg.,

46, 47) .

Dr. Mchael Fry discussed the significance of EDCs rel ative
to inpacts on different avian populations, with a prinmary
enphasi s on reproductive function and/ or devel opnent in different
pi sci vorous species including ospreys, cornorants, gulls and
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eagles (48-51). Dr. Fry suggested that appropriate measurenent
endpoi nts for assessing the possible biological effects of EDCs
in wld popul ations woul d include survival to hatch (i.e., viable
eggs), skewed sex ratios, abnornal reproductive behavior and
teratogenic deformties (1,8,52-56). He also indicated the need
for further research on EDCs and passerine species, in part

because several popul ations appear to be declining (42).

The effects of EDCs on reptiles was addressed by Dr. Louis
Quillette who described studi es conducted on Lake Apopka where
there appear to be popul ation-1evel inpacts due to chemcally-

i nduced femnization of male alligators (5,57,58). He also
indicated that simlar problens may exist in other centra

Fl orida | akes, suggesting that this problemis not an isolated
phenonenon in Lake Apopka. Dr. Quillette noted that a key to
research prograns eval uating the potential ecol ogical effects of
EDCs is the collection and eval uation of high-quality popul ation
nonitoring data; he pointed out that nost effects denonstrated to
date have originated fromthis type of information. He also
suggested that certain reptilian species could serve as useful
and sensitive | aboratory nodels for screening EDCs (e.g., sexual

differentiation in turtles; 59).
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Dr. Mats dsson presented the results of studies conducted
on seals fromthe Baltic Sea (60). In the 1960s and 70s, narked
declines in populations of Qey Seals were noted, and a series of
integrated field and | aboratory studies were conducted to define
the etiology of the declines (61-64). These studi es were uni que
interns of their scope, but nore inportantly, they represent
species that are very difficult to study, and because of their
position at the peak of aquatic food webs, nmay represent an
exceptional |y vul nerable group of organisns. Dr. dsson and
cowor ker's have suggested that declines in the seal popul ations
may have been related to an adrenal cortex disorder caused by PCB
and DDE net hyl sul fones (60, 65,66). In concluding his
presentation, Dr. Asson also stressed the inportance both of
mul tidisciplinary approaches and the need for an international

perspective in EDC research

The influence of EDCs on invertebrate speci es was addressed
by Dr. Cerald LeBlanc, who noted that greater than 90% of all
ani mal species potentially affected by these types of chem cals
are invertebrates. He pointed out that abundant information on
certain sexual and devel opnental hornones in different insect
speci es has been collected in conjunction with the devel oprment of
pesticides (67). As had several previous speakers, Dr. LeBl anc
comment ed on the degree of conservation of endocrine system
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structure and function across phyla. He also presented specific
exanpl es, both from| aboratory (68,69) and field (70)
investigations of adverse effects related to alterations in
endocrine function in invertebrates, with the nost prom nent
exanpl e being the observation of inposex in different narine

gast ropods exposed to TBT (6,7,71).

The final two presentations, by Dr. den Fox and Dr. Steven
Bradbury, addressed issues nore generic to the eval uation of
existing or potential ecological effects of EDCs. Dr. Fox
descri bed a paradi gmfor devel opi ng pl ausi bl e cause and effect
relationships in retrospective risk assessnents, comonly terned
“ecoepidemology”. In this analysis, causal relationships are
based upon a "wei ght of the evidence" approach that includes
consideration of: 1) time order, 2) strength of the associ ation,
3) specificity of the association, 4) consistency of the
associ ation, 5) coherence of the association, 6) probability, and
7) predictive performance (72). This approach has been
successfully applied to a nunber of contam nant-rel ated
ecol ogi cal inpacts, nost notably evaluation of the effects of
PCBs (certain of which are related to endocrine function) on

various piscivorous birds in the Geat Lakes (73,74).
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Dr. Bradbury presented an overview of the use of structure-
activity relationship (SARs), which are nodels that relate
chem cal structures and properties to biological activity, in
ecol ogi cal risk assessnents (75), and their potential use for
eval uating potential EDCs. For exanple, SARs could be used to
i dentify anal ogues of hornones and/ or predict binding efficiency
and | evel s of agonistic or antagonistic activity to support
screeni ng-1l evel risk assessnents. In addition, these nodels can
be used to help identify those chemcals that may require in-
dept h toxicol ogi cal study to support nore extensive risk
assessnents. SARs have been used in the pharnaceutical and
agrochem cal di scovery area and there al so have been reports on
the use of these nodels for screening industrial chemcals for
“hornonal activity” (e.g.,76). The discussion then centered on a
series of exanples that illustrated the need to establish well -
defined endpoints in SAR research and how nodel i ng uncertainty
can be reduced through a nechani sti cal |l y-based appreci ati on of
i gand/receptor interactions and associ ated bi ol ogi cal activity

(77-79).

Br eakout G oup Activities/ Recormendati ons
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At the conclusion of the first day, workgroup chairs and
rapporteurs net to finalize specific discussion topics for the
second day. Three breakout groups were established to address
topics related to integration/inplenentation concerns, field
consi derations, and | aboratory issues. Final discussion topics
were based on: 1) general research needs identified at the Apri
wor kshop in Raleigh (Table 3), 2) research suggestions by the
presenters on Day 1, and 3) needs/concerns specific to the role

of EPA/ CRD.

I ntegration and | npl enentati on

Research | ssues

There was a strong opinion fromthis workgroup that several
general issues needed to be addressed in conjunction with the
devel opnent of specific recommendati ons. These can be sumari zed

in four points.

1) It is extrenely difficult to plan a neani ngful research
strategy for an issue as broad as the endocrine disruptor issue.
The wor kgroup believed that the devel opnent of useful research

pl ans required focusing by "witing dow the goals and objectives
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of the federal research program

2) The termendocrine disruptor, or nore correctly

neur oendocrine disruptor, is not very well defined. It mght be
hel pful if a nore precise definition could be obtained. The
definition used at the Raleigh neeting (15) nmay be too broad
because, by definition, nearly any toxi cant woul d be defined as
an endocrine disruptor. A better definition would be one which
does not include all toxicants (by virtue of secondary
honeost ati ¢ endocri ne nedi ated responses), but rather, focuses
on those likely to causes adverse effects on individual organi sns
through prinmary effects on endocrine systens that could lead to

popul ation- and community-1|evel inpacts.

3) Al ecotoxicological research is or should be done in
context. That is, there should be an over-arching research
strategy that establishes guiding principles that organi ze the
work. Specifically, planned research should integrate the

followi ng two axi ons of Warren (80):
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The significance of observations at one | evel of biological
organi zation is obtained by | ooking at higher |evels of

organi zati on.

The nmechani stic explanati on of observations is obtained by

| ooking at | ower |evels of organization.

Furthernore, planned research activity should incorporate a
focus upon integration and interdisciplinary efforts in

addr essing the probl em

4) Prudence dictates that efficient research strategies rarely

rise de novo but rather are built froman existing franmework

The process for devel opi ng the endocrine disruptor research

strategy should be to:

Specifically re-evaluate the existing testing nodel s,
framewor ks, and endpoints with respect to how well they
address the issues posed by endocrine disruptors. Then,
nodi fy the nodel s, frameworks, and endpoi nts as necessary
and appropriate to incorporate the required nmechani sns.
Speci al recognition of the inportance of dose-response as it
relates to endocrine disruptive effects should be

enphasi zed.
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Research Strategies
It was the consensus of the workgroup that the follow ng
endocrine functions shoul d be considered the nost significant in
environnmental effects research
° Repr oduct i on
° QG owt h/ Devel opnent

® | mmunoconpet ence

Further, it was felt that fromthe standpoi nt of ecol ogical
ri sk assessnent, reproduction and growt h/ devel opnent research
shoul d have a higher priority than work rel ated to i mrunol ogi cal

effects of EDCGCs.

The wor kgroup nmade specific recommendations in the follow ng

ar eas.

1) Aninal nodels: Wen selecting nodel vertebrates for research
activities, careful consideration should be placed on how wel |

t he nodel selected represents the ecol ogically-inportant groups
that are at highest risk of adverse inpact. There are sone
vertebrate groups, such as teleosts, that are well-studi ed and
have representative species that can be easily evaluated in the

| aboratory. Conversely, other ecologically inportant groups,
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such as anuran anphi bi ans, | ack adequate | aboratory nodels. For
exanpl e, while Xenopus may exhi bit sone endocrine functions
common to all anphibians, it mght not exhibit the critical
endocrine functions of sonme of the endangered anurans of North
Anerica. Qher exanples of critical vertebrate classes that |ack
representative | aboratory nodels include turtles and ot her
reptiles, passerine birds, non-teleost fishes (including

sturgeons) and non-rodent nmamral s.

Anot her issue considered inportant to the selection of
ani mal nodel s was basic research into invertebrate endocri nol ogy,
particularly for non-arthropods. This is especially inportant
because the state of our knowl edge in this area is weak and, in

some ecosystens, invertebrates are keystone species.

2) Modeling issues: Several issues regarding the devel opnent of
conceptual nodel s that incorporate endocrine disruption

mechani sns were di scussed:

a) Lab to field research should be |inked by devel opi ng
mechani sm based dose response nodel s. Furthernore, exposure
| evel s observed in the field should be used as a basis for

identifying realistic dose ranges in | aboratory experinents.
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b) Researchers should proceed fromfirst order nodels to
hi gher order nodels. It is critical to analyze the range
of uncertainty present in the nodel with the expected
uncertainty in the i ndependent paraneters to see if the

model can be usef ul

c) There is a need for better individual-based popul ation
nodel s to allow prediction of potential field effects from
| aboratory results. Coupled to this is a need for better
nodel s that include paraneters describi ng denographi cs as

wel | as likely exposure distributions.

d) Better toxicokinetic nodels would allow nore accurate
prediction of tissue and cellular dose during pul sed
exposures to chemcals with various physico-chemca
characteristics, especially at critical and sensitive early
life-stages. Simlarly, toxicodynamc nodels are especially
needed to understand the role of nmetabolismin the
activation and/or elimnation of potential endocrine

di sruptors. Receptor-based toxi codynam c nodel s are poorly

devel oped.

e) SAR nodel s that describe specific and non-specific
bi ndi ng of endogenous and exogenous |igands to carrier
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proteins and to receptors would allow identification of

potential EDCs for further enpirical testing.

3) Mxtures: There are two critical issues to address when
considering EDCs in the context of real-world scenarios where
organi sns are exposed to multiple chemcal stressors during
different lifestages. First, the organizational effect of a

di sruption during enbryoni c devel opnent m ght not be observed or
expressed until much later in the animals |life, perhaps not until
an activational hornone stinmulus is received (81). Secondly,
unli ke nost mxtures (where additivity of toxic equivalence is
generally considered to conservatively predict the total mxture
toxicity), the potential for synergismmay be high for endocrine

di sruption nechani sns.

Field

Research | ssues

Each wor kgroup nenber was asked to provide a single topic
for consideration by the full workgroup, and subsequent
di scussi on expanded these topic areas. Research issues and
strategies were devel oped with the foll ow ng assessnent question

in mnd: "Wat is the actual risk of endocrine disruption (as

Rev. Toxicol. Ser. B: Environ. Toxicol. (1997).



25
opposed to other stressors) to any given ecosysten?". The

i mportant research issues/concerns identified were as foll ows:

1) Adequacy of existing nonitoring frameworks: The group felt
that it was critical to be able to docunent the extent and
magni t ude of both exposure to and effects of EDCs in the field.
Case studies to date have often been identified through
"serendipity", and it is not known how representative these
exanples are of a larger-scale problem |In this respect, it is
necessary to have a nore systemati c approach to identifying

probl ens suspected due to EDC exposures.

There are existing nonitoring prograns collecting data that
could be used to help in problemfornulations for risk
assessnents, or to support exposure or effect characterizations
in retrospective risk assessnents. Potential exanples in the
U S include the Environnental Mnitoring and Assessnent Program
(EVAP) of the EPA, the National Status and Trends Program ( BEST)
of the NBS, the National Water Quality Assessnent Program ( NAWQA)
adm nistered by the U S GCeol ogical Survey, and a variety of
state and joint international nonitoring prograns. However,
participants stressed the need for: a) better uses and
comuni cation of existing exposure and effects data, b) specinmen
banki ng, and c) possible revisions to existing neasurenent
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endpoints to ensure that they are specific to, or diagnostic of,
EDC effects (see below. Finally, thereis a need to identify
suitable historical control/reference data for assessnent of

effects.

2) Adequacy of avail abl e assessnent and neasur enent endpoi nts:
The group felt that the choice of assessnent endpoints (i.e.,
popul ations at risk) was an inportant issue, although often
outside the purview of scientists. Al though either endangered
speci es or comerci al |l y-val uabl e speci es coul d be chosen as
assessnent endpoints, either of these approaches can lead to
problens in the identification of suitable neasurenent endpoints.
There is a lack of non-invasive nethods for measuring both
exposure and effects endpoi nts for endangered speci es.

Assessment of EDC effects on commerci al | y-val uabl e species is

conplicated by effects of comrercial harvesting.

There is a need for a broader suite of ecol ogically-rel evant
| aboratory test endpoints (e.g., mnetanorphosis, par/snolt
transformations) to facilitate lab-to-field extrapol ati ons.

Popul ation-1evel endpoints that are specific to EDC effects are
desirable. Better predictive bionmarkers are al so needed as

i ndi cators of exposure.
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3) Need for field studies: Participants felt that it was
necessary to be able to confirmcause-and-effect relationships in
the field. In this respect, there is a need for better
coordi nation between | aboratory and field studies. Field studies
al so are necessary to establish the ecol ogi cal rel evance of
effects at higher |evels of biological organization. For
exanpl e, case studies to date have not established whether there
are coommunity or ecosysteml evel effects of exposure to EDCs, but
have tended to focus on the organisnal |evel for one taxon or
trophic level. Studies generally have not been perforned across

different taxonom c groups at conparabl e sites.

Research Strategies

1) Monitoring frameworks: It is not necessary or desirable to
establish a new nonitoring programto detect effects of EDCs in
the field. However, a strategic approach for using or nodifying
exi sting nonitoring prograns to assess current and historical
effects of EDCs shoul d be devel oped. This should include: a)
devel opnent of a database of chem cals known to cause
reproductive and devel opnental effects cross-referenced with
chem cal s known or believed to have specific relationships to

endocrine function, b) identification of |oading estimtes for
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determni ng exposure to potential EDCs, c) identification of
appropriate reference sites, and d) consideration of potential
sensitivities of specific populations given |oading estinmates,
geographic distribution, and life history traits influencing
susceptibility to EDCs. The conparability of neasurenents nade
by different nonitoring prograns needs to be established. The
data shoul d identify which popul ati ons are nost suscepti bl e and

di stingui sh normal and abnormal popul ati on structures.

2) Assessnent and neasurenent endpoints: Appropriate sentinel
species for nonitoring need to be identified. Considerations for
their selection should include: a) representation of different
life history strategies (both sinple and conpl ex), b) species
vagility with respect to exposure distribution, c) representation
of multiple taxonomc and trophic levels, d) manipulability of
species in laboratory tests, e) availability of baseline
information, and f) the degree of distribution (i.e., w despread
or local) of a species. Surrogate (nonendangered, nonconmerci al)
species for study need to be identified for which effects can be

related to endangered or commercially inportant species.

Bot h EDC speci fi c measurenent endpoi nts as indicators of
exposure and nore general neasurenent endpoints to establish the
ecol ogi cal relevance of effects should be identified. Bionarkers
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nmust be calibrated to adverse individual- and popul ati on-1 evel
effects. Fi eld evaluations of these markers should establish
whi ch are nost predictive of popul ation-1evel effects (i.e.,
whi ch are nost useful for establishing cause and effect
rel ati onshi ps). This necessitates the evaluation of "nornmnal"

val ues and the uncertainty associated with their measurenent.

3) Field studies: Focus should be directed to specific sites
whi ch are known to be affected by EDCs. Integrated | aboratory
and field studies should be conducted based on these case

studi es, but overall an ecosystem approach shoul d be adopt ed;
mul ti pl e phyl ogenetic groups and trophic |evels shoul d be studied
at a given site. Retrospective assessnents should follow HII's

criteria for establishing causes-and-effect relationships (82).

4) Extrapolation through nodeling: It is necessary to devel op
predictive, integrated ecosystemnodels that effectively utilize
SAR, toxicokinetics, bioenergetics, environnental chemstry, and

popul ati on ecol ogy nodel s.

5) Inproved comruni cations: Comruni cation anong researchers in

this area should be facilitated. Potential nechani sns i ncl ude

use of a newsletter or INTERNET. NMbnitoring data should al so be
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centralized, nmaking it avail able on STORET, “bulletin boards”, or

| NTERNET.

Laboratory

Research | ssues

This workgroup attenpted to identify three to five of the
nost inportant research needs that can be addressed at the
| aboratory level for reducing uncertainty in assessing the risk
of EDCs to ecosystemhealth. dven that the charge of the
EPA/ ORD endocri ne di sruptor workshop in Raleigh in April 1995 was
to start to focus on research needs, the | aboratory breakout
group began its exercise using research priorities identified at
the Ral eigh neeting (15), as an organizing tenplate to avoid
redundancy and hel p identify additional areas necessary for

ecol ogi cal research. These research needs were:

1) Identify for the organ systemand tissue considered to be at
ri sk, the measurenent endpoints to characterize risk

(screening protocols 1in vitro, in vivo)

2) Under st andi ng of cel lul ar and nol ecul ar nmechani sns
(i ncludi ng non-receptor mechani sns for EDCs)

3) Sensitive, inexpensive and w del y-avail abl e anal ytical tools
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4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

31
(Ont ogeny of receptor-based systens and role in regul ating
devel opnent
| dentify and characterize critical w ndows of susceptibility
acr oss speci es
Devel opnent of bi omarkers of exposure and effects of EDCs
Devel opnent of biomarkers for |latent effects
| nformati on on normal popul ation variation, regional and
seasonal effects
Coor di nat ed research on exposed humans, wildlife and
senti nel species
Target organ dosinetry for conparison with |igand bindi ng
affinities
Devel opnent and val i dation of apical nethods to detect EDCs
Perinatal /mul ti generational exposure toxicity studies for
cancer and non-cancer effects
Laboratory-field hypot hesis based studies and i nproved
i nformati on exchange
Exam nation of correlation of effects between wildlife and
human heal t h nodel s
Mil ti-disciplinary studies on effects of endocrine
di sruption
| nprovenents in study design (dose sel ection, endpoints,

endpoi nt | i nkages)
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17) Toxicokinetic and toxi codynam ¢ studies of environnmental |y
rel evant chemcals
18) Quantitative dose response nodel s based upon receptor

t heory/ bi ochem cal interactions

Several areas of endocrine-disruptor-driven research in
addition to those listed in the tenplate were added by the

wor kgr oup:

19) Bi oaccunul ati on/ bi omagni fication and fl ow of EDCs through
and across trophic |evels

20) Correlation between chem cal concentrations and ecosystem
processes that can be nodeled in a lab setting

21) Popul ation genetics - is there selective toxicity?

22) Wat are the driving issues? Reproduction, devel opnent,
I mmune suppressi on, grow h?

23) Wat are baseline hornone levels in individual s? Wat is

nornal endocri ne status?

Qui dance on research gaps given by individual speakers from
the first day of the workshop tended to be specifically focused
on their respective areas. However, Dr. Van Der Kraak's l|isting
of broad "research gaps"” for endocrine disruptors was given in
t he breakout group:

Rev. Toxicol. Ser. B: Environ. Toxicol. (1997).



33
° There is a need to inprove our understandi ng of the
signi ficance of subtle changes in endocrine
performance. For exanple, what are the consequences of
vitel l ogenin induction or a statistically-significant
alteration in steroid biosynthesis? How do these
transl ate to whol e ani mal or popul ati on-1 evel

responses?

° The endocri ne system i nvol ves conpl ex honeostatic
regul atory mechanisnms with the result that there is a
need to critically evaluate the predictiveness of in
vitro assays. Inproved understandi ng of the nechani sm
of action of chemcals will help direct the devel opnent

of whole aninmal testing/ in vivo assay nethods. This

woul d hel p address issues such as timng of exposure,
species sensitivity and interaction with different

chem cal s.

° There has been such a focus on chemcals wth
estrogeni c/anti estrogenic activity that other hornones
and regul atory nechani sns (e.g., imune system vitamn

nmet abol i sm) have been | argely ignored.

Research Strategies

Rev. Toxicol. Ser. B: Environ. Toxicol. (1997).



34
The foll owi ng i ssues were gl eaned and ranked fromthe
original group (those with the sanme nunber were assigned equa

ranks):

1) Identify for the organ systemand tissue considered to be at

ri sk, the measurenent endpoints to characterize that risk

(screening protocols in vitro, in vivo)

2) Under st andi ng of cel lular and nol ecul ar nechani sns
(i ncludi ng non-receptor mechani sns for EDCs)

3) (Ont ogeny of receptor-based systens and role in regul ating
devel opnent

3) Identify and characterize critical w ndows of susceptibility
acr oss speci es

3) Devel opnent of bionmarkers for latent effects

4) Sensitive, inexpensive and w del y-avail abl e anal ytical tools

4) Devel opnent of bi omarkers of exposure and effects of EDCs

A ven that issues 1 and 2 could be grouped - there is a
conti nuum of bi ol ogi cal organi zation fromthe organ systemto the
tissue level to the cellular and nol ecul ar | evel - the remai nder
of the discussion revol ved around identifying a unifying theme
for an approach to studyi ng chem cally-induced disruption of any
endocrine system The concept of critical w ndows of
susceptibility to endocrine disruption brought about statenents
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relating to the fact that nost organ systens are at their highest
risk when differentiating - and not only during enbryonic
differentiation. Qitical processes (observable by functional
assays) for these systens need to be identified for different
devel opnental stages for a variety of organisns. This was
refined to the need to: 1) identify critical periods during
devel opnent, 2) exam ne the devel opnent of systens that are
control |l ed by the endocrine system and 3) then exam ne the
systens when they are functioning in adulthood. This discussion
set the stage for the synthesis of an EDC | aboratory research

nodel depicted in Figure 1.

Figure 1 incorporates the followi ng synthetic el ements:

° An approach for prospective risk assessnent of EDCs coul d be
nodel ed after the mammal i an teratogen studi es soneti nes used
by the pharmaceutical industry. Initially, standard short -
termteratogenicity protocols are used and, if warranted,
foll owed by mul tigenerati onal studies. As needed,
addi tional endpoints appropriate for endocrine alterations
can be incorporated in design of the studies. The
hi storical equivalent in testing associated with the U S
Food and Drug Admni stration are the Segnent 1, 2, and 3
tests whi ch exam ne exposures to the male and fenal e
foll owed by mating studies - exposure of both sexes and

Rev. Toxicol. Ser. B: Environ. Toxicol. (1997).

35



36
of fspring - that exam ne neonatal growth and behavi or.
These protocols could be adapted to ot her species such as
fish, birds, nmammal s, anphi bians, reptiles, and

i nvertebrates.

This framework initially focuses on screening systens
foll oned by nore extensive (and expensive) tests. There is

a need for apical tests - short term inexpensive, in vivo

or in vitro assays - to screen |arge nunbers of chem cals.
These could conme fromavailable in vitro tests (e.g.
recept or - dependent and i ndependent endpoi nts, such as
carrier proteins, induction of proteins such as
vitellogenin, inhibition or induction of enzynmes involved in
steroid nmetabolism enzynmes involved in neurotransmtter

synthesis or degradation, etc.) and in vivo tests (e.g.

uterine wei ght, male accessory sex organ wei ght, thymc

involution, vitellogenin induction).

Bi ol ogi cal | y-based structure-activity (BBSA) nodel s and
evidence fromfield studies would prioritize the screening
pr ocess. H storical data fromretrospective studies could

be used to determ ne what type of in vitro/in vivo screening

results are the nost predictive. This would help with
exposure to multiple stressors, in addition to EDCs.
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° Chemcals eliciting a positive response in the screen woul d
then be examned during critical periods in the adult life
cycle or in enbryo/larval tests. Mechanismof action and
site of action studies would follow to support the
devel opnment of bi omarkers and subsequent |y augment

t echni ques used i n screening.

In general, the nodel represents a conceptual franework, not
necessarily a linear logic for research planning. Wile the
organi zing principles of the nodel are valid, research at al
| evel s shoul d proceed sinultaneously with the ultimate goal of
establ i shing predictive toxicology nodels. Wthin this
framework, there is a need for feedback el enents or what was
referred to as "hypothesis nodification" elenents. For exanple,
research on nechani smof action and bi omar ker devel opnent woul d
enhance further EDC screens, while refined BBSA nodel s and
retrospective analysis would refine the prioritization of

chem cal s.

For this process, and for EDC studies in general, there was

acall for a better interaction between devel opmental biol ogists

st udyi ng nodel systens such as zebrafi sh, Dr osophi | a, Xenopus,
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and mce, and investigators studying EDCs in different classes of

vertebrates and i nvert ebr at es.

DEVELOPMENT OF A RESEARCH FRAMEWORK:  DAYS 3, 4

(bj ecti ves

The purpose of the final portion of the neeting was to use
the input and reconmmendati ons generated during the first two days
to formul ate a focused research framework for defining the

ecol ogi cal risk associated wi th EDCs.

The broad objectives of this research programare franmed in
the risk assessnent paradigm (16), and designed to address both
retrospective and prospective assessnents. First, it
IS necessary to identify the relative ecol ogical risk of
endocrine disruptors conpared to other stressors on
popul ations/ communities. There was a desire, voiced both during
the first two days of the workshop, and in the latter portions of
t he pl anni ng exerci se, that research be design in such a nanner
that a clearer denonstrati on can be nmade that EDCs present |evels
of risk to popul ati ons conparable, for exanple, to stress due to
other chemcals and/or alterations in habitat. G herw se,

research efforts mght be targeted upon an issue of mni nal
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concern conpared to other environnental stressors. As a
corollary to this, the question also was posed “Are EDCs exerting
effects only in relatively snmall populations with | arge

exposures, or is endocrine disruption a w de-spread phenonenon?”

The second objective of this research framework is to nake
recomendat i ons for devel oping or nodifying the requirenments for
testing and eval uating chemcals or environnmental sanples so as
to ensure that those exerting toxicity through specific endocrine
axes Wi ll be adequately characterized. There appeared to be a
consensus, both at the Ral ei gh and Dul ut h workshops, that nost
existing test nethods |likely are inappropriate for detecting EDCs
because of one or nore of the follow ng factors: |ack of
exposure during key devel opnental stages, uniquely-sensitive
speci es are not included, and/or relevant (e.g., latent)
endpoints are not evaluated. It was noted, however, that this
second objective, in many instances, m ght be accommobdated with

only mnor nodifications to existing test protocols.

Tar get Audi ence

Al though this exercise was initiated specifically to explore

research priorities for EPA CRD, the concepts arising fromthe
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wor kshop al so are intended to serve a nunber of other purposes of
significance to a broader audience. Specifically, the workshop
was i ntended to address topics and concepts that would contribute
to a strategy designed to establish: 1) a research franework
focused upon the greatest uncertainties confronting risk
assessnent and ri sk managenent deci sions concerni ng ECDs, and 2)
proactive coordi nati on and comruni cati on anong Federal agencies
whose research mssions are especially relevant for the nmany

different facets of this issue.

Parti ci pants and Approach

Participants in the final portion of the workshop were al
Federal scientists, including representatives fromthe FW5 NBS,
NOAA, and EPA (Table 1). EPA representation included
participants fromthe Program O fices, as well as from human
heal th and ecol ogi cal divisions within the National Health and
Environnental Effects Research Laboratory, and the Aguatic
Research Division of the National Exposure Research Laboratory.
The participants in this portion of the workshop al so provided
roughly equal representation fromthe three breakout groups that

had convened during the second day of the neeting.
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Following initial discussions about processes and species at
ri sk, two breakout groups were fornmed to di scuss and devel op
outlines identifying and prioritizing research needs and
suggesting approaches to address these needs. (ne wor kgroup was
charged with addressing the issue fromthe standpoi nt of
retrospective risk assessnents, while the other breakout group
f ocused upon di scussions fromthe perspective of prospective risk
assessnents. The charge to each breakout group was simlar: to
identify assessnent endpoints that nay be affected by EDGCs,
identify existing measurenment endpoints for assessing the effects
of EDCs, describe uncertainties associated with these nmeasurenent
endpoints (particularly with respect to extrapolations to
assessnent endpoi nts), and indi cate measurenent endpoi nts and
techni ques that are needed, but currently unavailable. 1In
addition, the two groups were asked to suggest generic research
strategies for reducing uncertainty associ ated with existing
nmeasur enent endpoi nts and the devel opnent of new nmeasur enment

endpoi nt s.

On the last day of the neeting, the two breakout groups
reconvened and presented the outconmes of their deliberations in a
final plenary session. These discussions fornmed the basis of the

section entitled DI SCUSSI ON SYNTHESI S/ RECOMVENDATI ONS.

Rev. Toxicol. Ser. B: Environ. Toxicol. (1997).

41



42

Processes and Species at Risk

Wth respect to processes at risk, the consensus at the
Dul uth workshop was simlar to that of the Ral ei gh workshop (15).
Reproduction and devel opnent were consi dered the key endpoi nts of
concern. An additional endpoint of potential significance for
ecol ogi cal risk assessnents is immunoconpet ence; however, this
has received little attention to date. The enphasis on
reproduction as an endpoint is partially driven by the fact that,
in ecol ogical risk assessnents, inpacts typically are of concern
at the population level. Gher types of endpoints, such as
hi st ol ogi cal abnormalities, which |like reproduction, also are
monitored at the level of the individual, may not be key in
driving popul ation dynamcs. For exanple, certain fish-eating
colonial waterbirds in the Geat Lakes exhibit el evated
i nci dences of terata, ostensibly associated with exposure to
contam nants, yet their popul ations are not declining and are, in
fact, increasing in many instances. |t should be noted that if,
for exanple, overall reproductive success is taken to be an
"integrated" neasure of the potential effects of EDCs on ani nal
popul ations, by default this often would incorporate key
processes related to devel opnent, i munoconpet ence,

osnor egul ati on and behavi or.
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Wth regard to species at risk, it was felt that no
particul ar class of organisns could (or shoul d) receive greater
attention at the exclusion of others. The limted data avail abl e
fromthe | aboratory and field suggest that, dependi ng upon
exposure history, sensitive species may include ani mal s rangi ng
frominvertebrates to mammals. Wat was pointed out, however, is
that there are several classes/famlies of organisns that have
received too little attention to assess their potenti al
susceptibility to EDCs. Prom nent exanples include non-arthropod
i nvertebrates, anphibians, passerine birds, non-tel eost fishes,
and sone terrestrial mammal s, in particular those taxa where
| ocal or global popul ations are experiencing significant declines
(42). Because of the current difficulty in a priori
identification of sensitive species, it is essential to

under st and conparative endocrinology as it relates to EDCs.

DI SCUSSI ON SYNTHESI S/ RECOVIVENDATI ONS

The follow ng sutmmary represents a synthesis of the

di scussions and reconmendati ons of the two breakout groups.

These di scussions are summari zed within the context of effect and

exposure characterization, with an enphasis on rel ationships
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bet ween assessnent and neasurenent endpoi nts. Foll ow ng these

topics is a summary of research recommendati ons and strat egies.

Ef fect Characterization: Endpoint Assessnent

Assessnent Endpoints

As a precursor to addressing the neasurenent endpoints
relevant to evaluating the effects of EDCs, both groups discussed
typi cal assessnment endpoints for ecol ogical risk assessnents. It
is not uncommon for endpoints, seemngly focused upon ecol ogi cal
effects, to actually be nore rel evant to human heal th concerns.
For exanple, the presence of gross deformties in wildlife may,
in sone instances, be nore relevant to human heal th concerns
(i.e., using the wildlife as sentinels) than to popul ati on-1evel
inmpacts in the affected species. Thus, while this nay be a valid
endpoi nt, froman ecol ogi cal perspective it is inportant that
t hese types of observations be relatable to discernable

popul ati on- and comuni ty-1evel effects.

Even in this nore specific context, assessnment endpoints are
relatively difficult to link with appropriate neasurenent
endpoi nts. For exanple, the desire to maintain "sustainabl e"

commercial fisheries or popul ations of recreational waterfow
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species certainly is a valid assessnent endpoi nt, but these types
of goals can be sufficiently vague (or conplex) that it is hard

toreadily identify appropriate nmeasurenent endpoints.

I n other instances, assessnent endpoints may be to maintain
vi abl e popul ati ons of specific (often endangered) groups of
soci al | y-val uabl e organi sns (e.g., bald eagle, Forida panther)
and/ or "keystone" species (e.g., lake trout, tinber wolf).
Keyst one species may or nay not be top predators or socially-
val ued organi sns thensel ves, but contribute a unique trophic |ink
or ecological role within an ecosystemsuch that their renova
produces a cascade of significant indirect effects on other
conponents of an ecosystem Even in these instances, where the
assessnent endpoint is relatively straight-forward and
quantifiable (e.g., via population census), identification of
nore di agnostic or predictive nmeasurenent endpoi nts can be
probl emati ¢ because a nechani stic understanding of factors
control ling populations is |acking for the species of concern.
For exanple, in Lake Ontario it is unclear whether appropriate
nmeasur enent endpoints for nonitoring the status of the | ake trout
popul ati on should be related to toxicol ogical indices (e.qg.,
survival of fry to swimup), or sone neasure of habitat

suitability (e.g., dissolved oxygen), or both.
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The above discussion is, of course, not specific to
eval uating the potential ecological effects of EDCs. It can be
extrenely difficult to identify measurenent endpoints that will
be useful in either retrospective or prospective risk
assessnents, irrespective of what stressor is responsible for
popul ati on- or community-level effects. The relationship of
neasurenent to assessnent endpoints is a major issue and one

whi ch needs to be addressed in ecol ogical risk assessnent (16).

Measur ement Endpoi nts

Exi sting neasurenent endpoints for detecting and nonitoring
the ecol ogical effects of EDCs are presented based upon
bi ol ogi cal |evels of organization: 1) ecosystens/comunities, 2)
popul ations, 3) individuals, and 4) suborgani smal systens. In
addi tion, the use of SAR nodel s, which may incorporate
nmechani stic or enpirical data at nmultiple |levels of biological
organi zation, are addressed. It should be noted that neasurenent
endpoints, at any | evel of biological organization, are of
limted value in the absence of a synoptic eval uation of
appropriate exposure analysis for contamnants of concern, which

is an issue that also is discussed bel ow
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Ecosyst ens/ Comuni ti es

Common ecosystem and communi ty-| evel measurenent endpoints
include structural determnants such as speci es assenbl ages and
diversity (generally expressed in terns of various indices), the
presence/ absence of specific keystone and/or sensitive "sentinel"
speci es, and functional nmeasurenents such as productivity and
energy flow (Table 4). Al though EDCs coul d affect one or nore of
these endpoints, it was felt that nost would not be particularly
specific to responses nedi ated t hrough endocri ne systens. Past
research has not been designed to denonstrate a |ink between
community structure or ecosystemfunction and the effects of EDCs
on popul ations of organisns; thus, it is not known whet her
indicators at this |evel of biological organization can be
devel oped that are diagnostic of EDC effects. However, during
the first two days of the workshop, speakers discussed life
hi story or devel opnental strategies that mght nmake some species
nore susceptible to EDCs than others. Based upon this, it nay be
possible to develop a “signature” of EDC effects at the comunity
or ecosystemlevel using an index related to the presencel/ absence
of suscepti bl e species or guilds of species. For exanple, fish
speci es have already been classified based on life history

strategies (83,84). |In any case, even if diagnostic measurenent
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endpoints related to EDC effects cannot be identified at the
community or ecosystem | evel, neasurenents nade at these |evels
are critical to denonstrating the biological significance of

effects at the popul ation |evel.

Popul ati ons

At the popul ation | evel, neasurenent endpoints include the
nunber of organisns for a given species (census data), age
structure, sizel/age relationships, sex ratios and recruitnment
(Table 4). The specific processes that mght be assessed to
yield insights about recruitnent include fecundity, hatchability,
and devel opnent. Age structure or size/age relationships may be
indi cative of past disruptions in reproduction or devel oprment
and, coupled with evidence of EDC exposure history, nmay be useful
indicators in the ecoepi dem ol ogi cal approach to retrospective
assessnents. However, as wth existing neasurenent endpoints
associ ated wi th ecosystens/comunities, nost endpoints at the
popul ation | evel are not very specific for effects that nay be
due to EDCs. A possible exception could be sex ratios; however,
it iscritical that for any given species (in a given
environnent), "nornmal" sex ratios be docunented. Al so, the

various processes that dictate recruitnent could be indicative of
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di sruptions in endocrine function; however, these endpoints
typically are assessed at the level of the individual, with
i nferences subsequently nade at the popul ation level. A though
many of the neasurenment endpoints nmade at the popul ation |evel
are not specific for effects associated with EDCs, these types of
endpoi nts nonet hel ess are critical to integrated approaches
either in terns of retrospective or prospective risk assessnents.
Further, popul ation-level determnations are particularly
important in assessing/denonstrating |inkages between neasurenent

and assessnent endpoi nts.

| ndi vi dual s

The majority of existing neasurenent endpoints that woul d be
useful for assessing the effects of EDCs on reproduction,
devel opnent and i mmunoconpet ence are at the organi snal
(individual) level (Table 4). Measurenents at the organi snal
| evel range fromthose which integrate nmultiple effects (e.qg.
condition factors such as the gonadal -sonmatic index) to those
which are nore specific or functional (e.g., circulating |evels
of hornones). They also range fromthose that are relatively
easy to interpret in terns of potential population-level effects

(e.g., fecundity) to measurenents, such as bi omarkers (e.qg.
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vitellogenin in nale fish), that are not readily interpretable in
terns of population inpacts. Ironically, the endpoints that are
closest to targeting functional effects of EDCs (e.g.,
circulating hornone |levels, vitellogenin) are those that are

| east useful in terns of predicting effects in popul ations, as
opposed to nore integrative measurenent endpoints associated with
reproduction. Thus, there is a clear need for the devel opnent of
mechani sti cal | y-based |i nkages both between integrative and
functional organisnal-1evel endpoints, and the prediction of

popul ation-1evel effects. Mreover, in this context, it is
necessary to have a coherent understanding at the |level of the

i ndi vidual of what is nornmal in terns of maintaining viable

popul ati ons.

Measur enent endpoints at the |evel of the individual can be
made either with field-collected organisns, or wth organi sns
exposed to single chemcals or environmental m xtures of
chemcals (e.g., effluents, sedinents) in the |laboratory. Thus,
the types of endpoints indicated in Table 4 are inportant to both
retrospective and prospective risk assessnents. Again, it should
be stressed that |inkage of responses, using nmeasurenent
endpoi nts such as those described above, at the organisnmal |evel

to those in popul ations, and perhaps comunities, are critical to
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integrated retrospective assessnents, as well as credible

prospective assessnents.

Wth respect to the endpoints listed in Table 4, it should
be noted that the majority have been exam ned/validated only in a
limted nunber of species. For exanple, although rodent nodel s
are reasonably well devel oped, the extrapol ati on of these nodel s
to mmmalian wildlife is, in general, difficult due to a | ack of
knowl edge concerni ng nornmal endocrinology (or at |east acceptable
in terns of maintaining viable popul ations), and uncertainties
related to species-specific variations in sensitivity (e.g., mnk
appear to be far nore sensitive to PCBs than nost other mamal s).
Simlar situations exist with respect to other classes of
animal s: existing avian nodel s based on the chicken, quail or
mal | ard may not be directly relatable to raptors or passerine
birds; teleost fish nodels, which are reasonably well devel oped,
may not be applicable to cartilagi nous fish; endocrine systens
t hat have been characterized in arthropod invertebrates have not
been conpared structurally or functionally to systens in non-
arthropods, etc. However, due to the relatively high degree of
conservation of endocrine function anong species, it should be
possible to address differences that exist in a systematic
manner. Thus, although these various neasurenent endpoi nts have
not been evaluated in all aninals of concern, the basic tools
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shoul d be broadly useful. Wat is required is application,

adaptation and validation of the assays to different species.

An issue rel ated to anong-species extrapolations is the use
of "surrogate" species in the |aboratory to predict popul ati on-
| evel responses in another (hopefully closely-related) species in
the field. The uncertainty associated with this extrapol ation
depends not only upon the species sel ected, but the endpoints
eval uated, and nmay be small (e.g., brook trout reproduction
versus | ake trout reproduction) or large (e.g., fathead m nnow
survival versus possible reproductive effects in nultiple species
of fish). These uncertainties exist for toxicity extrapol ations
for any class of chemcals, but in the case of EDCs, it mght be
possible to utilize anmong-speci es commonalities in endocrine
systens to systematically reduce, or at |east effectively

quantify, certain sources of extrapolation uncertainty.

Subor gani smal Systens

A nunber of subcel | ular and/or in vitro systens have been
proposed for assessing the presence/ potency of different classes
of EDCs (Table 4). These systens range fromreceptor binding

assays to neasurenent of functional responses (e.g., protein
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induction) in normal or genetically altered cells. To date, many
of these assays have focused upon steroid hornones, in particular
estrogen (e.g.,85); however, viable systens theoretically could
be devel oped for virtually any endocrine function of concern.
Mor eover, these types of systens should be very useful in terns
bot h of prospective risk assessnents (e.g., product screening)
and retrospecti ve anal yses (e.g., to examne the "activity" of

conpl ex mxtures; (e.g., 86).

The concept of in vitro tests as screening tools is
intuitively appeal i ng because of cost and tineliness. However,
for any systemto be truly useful, it would have to be relatively
sensitive and conservative (i.e., |ow percentage of false
negati ves conpared to fal se positives), but at the same tine
discrimnatory (i.e., able to conclusively elimnate inactive
chemcals). Further, there should be a mechani stic understandi ng
of the linkage between responses in subcellular/ in vitro systens
and adverse effects at the level of the organism To fulfill
these various criteria, proposed subcel | ular and/or in vitro
systens need to undergo nore characterization and validation
relative to whol e organismresponses. At this point, there are
no assays sufficient to fully characterize the potential effects
of different classes of EDCs. In fact, it mght be unrealistic
to expect that subcellular/ in vitro screening tools could serve
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as nore than a conpl enent to whol e-organismtesting, and then
perhaps only as a tool to elimnate clearly inactive substances

fromfurther consideration

Additional tools for screening different classes of EDCs are
SAR nodel s. These nodel s mght utilize endpoints rangi ng from
receptor binding to actual toxicity in the organism In fact,
recent efforts have resulted in promsing initial nodels suitable
for screening chemcals that bind to the estrogen or androgen
receptors (87-89). However, these nodels require further
refinenment, both in terns of conputational chemstry and

calibration to in vivo toxicity. In a manner anal ogous to the

use of subcellular/ in vitro screens for EDCs, SAR nodels woul d be
best applied as part of a tiered testing franework that
i ncor por ates whol e-organi smtesting as a "ground truth”

eval uation of potentially active chem cals.

Exposure Characterization: ldentification of Chem cals of Concern

A significant challenge in determning the extent to which
EDCs may be inpacting the environment is related to exposure
assessnent of sensitive populations to specific chemcals. An

i mportant confoundi ng and practical aspect of this issue can
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arise for sensitive popul ations/speci es because there may be no
individual s present to manifest the types of effects that m ght
alert investigators to the possibility that EDCs nay be present.
Thus, it is possible that there are pervasive effects of which we
are not aware. In lieu of using observations of individuals or
popul ations as indicators of effects, it becomes necessary to
rely on chemcal nonitoring prograns to help identify potenti al
hot spots or w de-spread occurrence of specific chemcals that
may cause endocrine disruption. Unfortunately, there are two
problens that arise with this approach. First, support for
extensive nmonitoring prograns in the U S (and el sewhere) is
rapi dly decreasing. Second, those prograns that do exist likely
are not nonitoring chemcals of particular concern, in |large
part, because there is no widely accepted "laundry list" of
potential EDCs. To address this shortcomng in the near term it
may be possible to coordinate with existing nonitoring prograns
to include routine analysis of those chemcals (e.g., certain
organochl ori nes, al kyl phenols, TBT) for which there is at |east
correlative evidence of potential inpact. In the short term it
al so shoul d be possible to identify chemcals of potentia
concern through the eval uation of use patterns (e.g., production
vol une) and basi ¢ physi co-chemcal attributes (e.g., degradation

rates), in conjunction with existing SAR nodels for the
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prediction of binding affinity for specific receptors,

transcriptional activity, etc.

In the longer term as nethods for defining the effects of
EDCs becone nore refined, they can be used either in
retrospective or prospective risk assessnents to help identify
speci fic chemcals of concern. Adaptations of toxicity-based
fractionation procedures (46,47,90) could prove particularly
useful for identifying specific chemcals responsible for effects
associ ated with conplex mxtures (e.g., pulp and paper mll or

muni ci pal effluents, sedinents).

Resear ch Recommendati ons

The follow ng conpilation of research recomrendations ari ses
fromthe discussion above, with particul ar enphasis on the need
to design initial investigations that will contribute to the
ability to better define the extent and nature of current or
potential EDC effects. This listing does not inply a
prioritization; in many instances, work needs to proceed
si mul taneously on several fronts. It is inportant to note that
many of the research issues identified, in particular the need to

extrapol at e bet ween neasurenent and assessnent endpoints and
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anong di fferent measurenent endpoints, are not restricted to EDCs
as a class. However, due to the nature/ mechani sns of action
associated with effects nmani fested by endocrine disruptors, this
research programmnay present a uni que opportunity to

si mul taneousl y address these nore generic ecol ogical risk

assessnent i ssues.

1) Wrk needs to be done to better define |inkages between
potential mneasurenent endpoints (usually nade at the |evel of the
i ndi vidual ) and assessnent endpoints (which typically are at
popul ati on or community levels). S mlarly, |inkages between
nmeasur enent endpoints at different |evels of biological

organi zation need to be better defined. For exanple, induction
of vitellogenin in male fish appears to be a very specific
response to exposure to estrogen mmcs, however, it is unclear

what this neans in terns of reproduction.

The basic challenge in this research area is to identify
t hose endpoints that are indicative both of exposure to EDCs and
predictive of their effects in populations. Part of this need
i ncl udes research focused on better definition of nornal
conditions with respect to endocrine-regul ated processes in
commonly tested, or nonitored, species relative to effects
mani fested at the population |evel. For exanple, the degree to
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which circulating levels of sex steroids are altered before

reproductive success is threatened needs to be defi ned.

2) There is a pressing need to identify the extent of the

chem cal universe about which there should be concern. This
clearly cannot consist of testing all chemcals in long-term
chronic assays with nmultiple species. Inproved short-term in

vitro and in vivo assays, as well as SAR nodel s, are needed;

however, all require further devel opnent and validation. The
results of screening exercises using these types of tools then
could be linked to key exposure data, such as production vol une,
persistence, etc., to help develop lists of chemcals of concern.
Until conparisons of this type are acconplished it will be
difficult, if not inpossible, to coordinate a cohesive nonitoring
program f ocused upon defining the potential extent of the

pr obl em

These types of screening tools should play significant roles
not only in retrospective, but also in prospective assessnents of
the ecol ogical risk of EDCs (e.g., for the premanufacture
notification process under TSCA). A key consideration, of
course, in developing these types of mnethods/nodels is the
ability to link results obtained in suborgani snal systens to
adverse organi snal -l evel effects.
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3) Existing assays used in product testing or nonitoring of
envi ronnmental sanples (e.g., effluents, sedinents) shoul d be
eval uated and adapted, if necessary, to ensure exposure during
key devel oprmental w ndows, and eval uation of relevant (e.g.,
| atent) endpoints for EDCs. Processes that shoul d receive
particular attention in this regard are reproduction, devel opnent
and, to a |l esser extent, inmmunoconpetence. Were existing
assays cannot be readily nodified, new assays nay have to be

devel oped and val i dat ed.

4) The various neasurenent endpoints listed on Table 4, in
particul ar those at the organisnal |level, need to be adapted to
cl asses of organisns that have received little attention in terns
of traditional toxicity test methods/approaches, such as
anphi bi ans, non-tel eost fish, passerine birds and non-ant hr opod
invertebrates. Mre specifically, devel opnent of a conparative
endocr i nol ogy/ t oxi col ogy knowl edge base in potentially sensitive
species is needed, and a better definition of baseline conditions
for general processes and specific endocrine function is
required. Wth advances in these areas, conparative
endocri nol ogy can better serve as a basis for assessing

interspecies differences in susceptability to EDCs.

Research Strategies
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The foll owi ng specific research strategi es were suggested
over the course of the workshop to begi n addressing the research
recomrendations |isted above. It is anticipated that as
organi zati on-speci fi c workpl ans are devel oped, the strategies

will be further refined/ nodified.

1) Review and conpil e avail abl e data on endocrine function and
endocrine cycles in species of concern (e.g, potential wvul nerable

species) to identify areas where additional research is needed.

2) Consolidate and review data from ongoi ng nonitoring prograns
(e.g., EMAP, NAWQA, BEST) to identify trends that nay be

associated with effects of EDCs.

3) Mdify existing nonitoring prograns to include information
relevant to EDCs - e.g., measurenent of relevant chem cals,

information about sex ratios, endocrine paraneters, etc.

4) Increase enphasis on research in endocrinol ogy/toxicology to
eval uate and inprove current capabilities to identify potential
EDCs and quantify organisnal -l evel effects. Part of this would
consi st of a systenmatic evaluation of existing test protocols for

various species. Further research in conparative endocri nol ogy
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and toxicology would al so start to establish uncertainty *bounds”

for interspecies extrapol ation.

5) Conduct focused research projects at a few selected sites
with known EDC problens. Examne nultiple species at several

| evel s of organization to establish |inkages between endpoints
nmeasured in the | aboratory at the suborgani snal /i ndividual |evel
and changes in the field at higher |evels of organization.
Strategies and informati on devel oped fromthese projects could
then be used to highlight specific know edge gaps in ecol ogi cal
ri sk assessnents and, in a related manner, be used to assess or
predict inpacts of EDCs in other areas, with a clearer

under st andi ng and appreci ati on of associ ated uncertainties.
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